Summiary. Reactions of photosynthetic electron transport and photophosphorylation were studied in preparations from the blue-green alga, Phormidium luridunt. Osmotic lysis of protoplasts iproved to be a superior technique for the production of cell-free preparations withi high enzytnatic activity. Such lysed Errotoplasts sustain high rates of photophosphorylation coupled to the photo-reduction of NADP+ or ferricyanid-e. P/2e-ratios close to unity were routinely observed. is of functional significance. The soluble form of cytoclrome C5;4, which is ipresent in concentrations about 3-fold higher than the bound form, depending upon growth conditions, is not essential for cyclic photophosphorylation. The concentration of cytoc.hlrome b6: 'chlorophyll a 'was 'found to be 1 :500. Under t;he cond'itions emploved, we were unable to detect a bound form of the low potential cytochrome 'C549.
biliproteins and are readily removed fromn their location on the chlorophyll-ibearing lamellae by aqueous washing (25) . Certain soluble cytochromes are present in blue-green algae in high concentrations. Katoh extracted a soluible cytochrome of ty-pe c from Tolvpothrix tentis and noted its 'possible equivalence with the iphotosynthetic cytochrome f found in the chloroplasts of higher plants (21) . This cytochrome, and also a low potential soluible cytochrome type c (549, Anacystis), has been purified and fully characterized by Holton and Myers (18, 19, 20) . Thus, as noted by Susor, Duane, and Krogmann (30) , the mechanical ease (by which these components are removed 'from the photosynthetic lamellae renders tlhe blue-green algal system particularly amenable to the study of photosynthesis at the biochemical level. It offers, 'for example, the possibility for the reconstitution of the photosynthetic apparatus using purified components. Hence, studies of the partial reactions 1447 (9) . The activitv cotuld be restored bv 
Methods
.4lgae anid Protoplasts. P/iormnidiui hlridrdnm xvas cultured and protoplasts were isolated by the procedure described in the accompanying report (3) . ProtoplasMts xvere washed once xvith either ice cold-mannitol-tris-maleate pH 7.2, mannitol-tris-Cl (pH 7.5) . or 0.5 m mannitol titrated to neutralitv.
For large scale enzyme l)reparations, algae \ ere ctultured in 5 (23) , green algae (12) and Anabaena (24) in that there is a broad absorption banid in the red w,th a maximum at 597 nmu and complex bands in the ultraviolet. Cytochrome C5,, was precipitated from the eluate by amnmonium sulfate and stored in saturated ammonium sulfate solution at 40. Figure 2 shows room temperature and liquid nitrogen absolute spectra of the reduced form of this cytochrome. At room temperature our observed absorption maxima agree very well with those reported for the Anacystis cytochrome by Holton and Myers (18, 19, 20) and the Anabaena cytochrome by Susor and Krognmann (31) . At liquid nitrogen temperature the splitting of the a band is accomnpanied by a blue shift of the absorption maximum. This behavior is s'milar to that described by Hill and Bonner (16) for parsely cytolhrome f and most c-type cytochromes (8, 35 consequent loss of activity during the work-up of homogenates as prepared by conventional methods. Table I illustrates the capability of the algal preparations to sustain high rates of photophosphorylation coupled to the photoreduction of NADP' or ferricyanide. When NADP+ is electron acceptor, the P/2e& is close to unity indicating a considerable preservation of activity in these preparations. This ratio is, however, most likely slightly overestimated because of the incom,plete recovery of NADPH in these determinations. Hoch and Martin (17) (33) is operating under what we would consider to be ablormally high concentrations of ferredoxin.
The effectiveness of PMS and DIPTP as imiedia- particles were washed with dilute buffer. A similar loss in activity was also observed when the algal protoplasts were lysed in a 40-fold excess of dilute buflfer. Furthermore, the membranes obtained fromi protoplasts lysed in this fashion simultaneou.sly lost their capacity for non-cyclic photophosphorylationi when either ferricyanide or NADP+ was used as electron acceptor. The phosphorylation coupled to NADP+ photoreduction was not restored by the addition of supplementary ferredoxin and ferredoxin: NADP+ reductase.
Reconstitution and Fractionation of an Active Component. In, the case of the PMS-mediated cyclic photophosphorylation it was possible to restore sonie 15 % of the activity lost on aqueous washing by addition of the enti,re soluble fraction of the cell. The component of interest was partially purified by ,fractionation of an aqueous extract from 100 g wet weight of acetone-treated cells prepared as described in Methods.
Thie 50 to 100 % saturated ammonium sulfate sediment was dialyzed and then subjected to bulk fractionation on DEAE cellulose. The protein was loadefl on a column equilibrated with 10 mm phosphate (pH 7.5). After washing with 25 mm buffer to remove cvtochrome C4,,-, and plastocyanin, the coluimn was eluted with 0.3 M NaCl, 50 mm phosphate (pH 7.5) and the eluate retained and dialvzed against 10 mm phosphate (ipH 7.5). In addition to the active component of interest, this fraction contained cvtochrome C549, phytoflavin and ferredoxin.
The dialyzed protein was then re-chromatographed using DEAE-cellulose. A column, 2 X 25 cm equilibrated with 10 mm phosphate (pH 7.5) was charged with' the 'protein and was eluted with a gradient of NaCl increasing linearly from 0 to 0.6 sI, 10 mm phosphate (pH 7.5). 'The total volhime of the gradient was 400 ml, and 1.5 ml fractions were collected. Figure 3 shows the d.striburton of protein in the eluted fractions and their activity in the restoration of cyclic photophosphorylationi. The active fraction appears to be a single componen-t and is eluted by about 0.2 M NaCI. Difference spectrophotometry did not reveal the presence of cytochrome C5.49 which is present in the first peak chromatographing at about 0.1 At NaCl. Ferredoxin was eluted by 0.3 mI NaCl and the protein which is eluted by 0.25 M NaCl is thought to be phytoflavin. Figure 4 shows the dependence of cyclic photophosphorylation on the active component, anid the restorative activity is comipared with that of the known soluble redox intermediates of the algal photosynthetic apjparatus in %vhether photophosphorylation by these washed me,mbranes is truly proceeding in the complete absence of comnponents such as cytochrome 'C554, plastocyanin, and ferredoxin. These proteins are assumed to be removed from the membranes by the washing treatments.
Estimates based upon the recovery of cytoch,rome in the washiings indicate that the aqueous treatment does lead to a complete removal. However, such measurements are probably erroneous because of the uncertainty of measuring low concentrations of haemoproteins in the ipresence of high concentrations of phycocyanin. Furthermore, the cytochrome :chlorophyll ratio was found to vary considerably clepending upon the age of the algal cultture. We, therefore, analyzed the washed membranes d,rectly by low temperature difference spectrophotometry. The membranes were extracted with 80 % acetone at -20°t o remove interferring pigments su,ch as chlorophyll. They were finally resuspended in sucrose to enhance the intensity of the absorption bands at liquid nitrogen temperature (35) .
Representati,ve difference spectra of the membranes obtained at temperatures close to that of liqui(d nitrogen are shown in figure 5 . Spectrum C is a reduced minus untreated difference spectrum measu,ring all conmponents which are oxidized in the untreated condition i.e., as extracted. This spectrum is that of cytochrome b,;. Tlhe small shouIlder at 562 nm is suggestive of another component and the asymetry to the blue of the main a band is thought to be a contribution by a small fraction of cytochrome C5.4 which is oxidized in the untreated condition.
All components in the reduced form as extracted are shown in figure 5B , which is an untreated minus oxidized difference spectrum. The spectrum is of a bound form of cytochrome C.54 with a well-defined a, band at 548 nm due to siplitting of the a bandc at low temperature. The possibility that this 548 nm band is the a band of cytochrome C,,,, and not the at2 band of cy~tochrome C554, is ruled out on the grounds that cytochrome C.5.9 is very autooxidizable (18, 19, 20) and, therefore, would not appear in an untreated minus oxidized dilfference spectrum. Unless the acetone treatment selectively destroyed a mermlbrane-bound form, we can also conclude that cytochrome C549 is a totally soluble protein.
The relative intensities for the a1 and a., bands of the soluble cytochrome C554 (fig 2) and the membrane bound form (ifig 5B) are different. The a2 band of the membrane bound form is considerably more intense than that of the solutble form and this may be a direct reflection of the differing physical environments of the 2 forims. Figure 5A is a diflference spectrum, reduced 'minus oxidized, showing all cytochromes present. Botl cytochirome b6 'and cytochrome C554 can be seen. A similar difference spectrum at room temperature does not resolve cytochrome C154 as is also the case for spinach chloroplast lamellae (4). Repeated asghing of the membranes with dilute buffer, sonication or treatment with 1 % digitonin for 1 hour did not alter the a band absorbancy ratio b6/C55. which was generally 3.5 to 4. This implies that although a considerable fraction of the complement of cytochrome C554 is soluble, a constant amount relative to cvtochrome b, is a lamellar component and is firmily bound to the membrane. The soluble form of this cytochrome constitutes in the order of 75 % of the total depending upon growth conditions and it is not necessary for cyclic photophosphorylation. We would suggest that the membrane-bound form is proba.bly of functional significance in the photoreactions.
Discussion
Our data indicate that the osmotic lysis of protoplasts is an excellent method for the creation of cell-free preparations fromn the blue-green alga, Phormnidjitun luriduim. The lysed protoplasts are active in cyclic photophosphorylation and photophosphorylation coupled to the Hill reaction and the photoredtuction of NADP'.
Previous investigators have reported that preparations of ceirtain blue-green algae are incapable of noon-cyclic photophosphorylation. Duane, Hohl, and Krogniann reported that extracts of Anabaena zvariablis wvere inactive, in non-cyclic photophosphorylation (7). The same preparations wvere, however, very active in the Hill reaction (31), NADP+ photoreduction (32) and cyclic photophosphorylat'on (7).
Similarly, Black, Fewson, and Gibbs (5) were unable to demonstrate a coupling of phos,phorylation to NADP+ reduiction by Anacystis preparations (5) .
More recently, Gerhardt and Trebst have prepared cell-free preparations ifrom lyophylized Anzacystis niddlans (11) . Aqueouis extracts of these cells wvere founld to be activ-e in non-cyclic photophosphorylation coupled to ferricyanide reduction and NADP reduction. The rates and coupling ratios observed wvere low. lhowever. The mechanism of cyclic photophosphorylation in Phormnidium luwidumz appears to be similar to that in Anabaenia variablis investigated by Petrack and Lipmann (27) (8, 35) and photosynthetic tissues of higher plants and algae. Hill and Bonner (16) showed that the a band of ipurified parsley cytoch'rome f and memlbrane bound spinach cytochrome f split at liquid nitrogen tem'perature. We have 'shown (unpublished observations) that the a band of cytochrome type c (552, Euglena) also is resolved into a1 and a., bands at low temperature. The cytochrome Co from Rhodospirillusn rubrurtn does not 'behave in this fashion (8) . Thus, the cytochrome C554 from Phormidium luridusn resembles the photosynthetic cytochromes of type c from eucaryotes rather than those from procaryotic cells.
We do not have a preci;se chlorophyll:cytochrome ratio for the Phormidium membranes because of the uncertaintv of the extinction coefficients of the cytochromes at liquLid nitrogen temperature. This uncertainty is,a combination of the contribution of band sharpening, solvent enhancement, and the slight increase in optical path length due to freezing (8, 35) . From the room temperature difiference sp2ctra we obtained, which are poor in that cytochrome C5.51 is not resolved, we estimate that the cytochrome ba: chlorophyll ratio is 1:500.
Ilt is highly probalble that the membrane-bound form of cytochrome C554 in Phormidiurn is of functional !significance in the photosynthetic mechanism and is the equivalent of cytoch'rome f which is present in higher plant chloroplast lamellae. The physiological ftunction of the soluble form of cytochrome C554 is less predictable. Our studies indicate that it is not necessary for cyclic photoph'osphorylation and, therefore, the operation of photosystem I.
Holton and Myers found that the relative concentrations of soluble 'cytochrome C554 and chlorophyll a was con,stant and independent of growth conditions in Anacystis nidutlans (18, 20) . In contrast to this finding, we observed that the bound-cytochrome: chlorophyll a ratio was constant and the soluble cytochrome :chlorophyll' a ratio was variable. In rapidly growing exponential phase cells, the soluble cytochrome C554 concentration was relatively low compared to stationary phase 'cells. In this respect, Phorinidium luridum is somewhat similar to Chlamydomonas reinhardi (13) .
In that the blue-green algae 'have a soluble form of cytochrome C554, they are similar to other algal divisions. Porphyra tenera (21, 22) , Euglena gracilus (26) and Chlamydomonas reinhardi (13) (26) . As 'is the case for spin'ach chloroplast lamellae (4) and Phormidiutmii lutridum 'membranes, it is. possible that the cytochrome of type c is not resolved in such a room temperature difference spectrum. In our experience, this icytochrome is only resolved in room temperature difference spectra of the type ferricyanide-oxidized minus untreated, or oxidized minus ascorbate-reduced. In both of these treatments, cytochrome b6, which is usually in the oxidized form on extraction, is not seen and therefore facilitates the resolution o'f the cytochrome c.
Under the conditions employed we have not detected a menibrane-bound form of the low potential cytochrome type c (549, Phormidium) first discovered in Anacystis nidutlans by Holton and Myers (18, 19, 20) . T'he physiological funct;on of this soluble cvtochrome and also the soluble form of cytochrome C554 awaits further investigation.
In conclusion, otur studies show that the mechanismn of photosynthesis in blue-green algae is fundamentally similar to that of highel plants. Certain components related to the iphotosynthetic apparatus are soluble and readily removed from the chlorophyll-bearing lamellae. However, with the excqption of the phosphorylation factor, they do not appear to be intrinsic or mandatory components in the structure or ftunction of quantum conversion and reactions of electron transfer.
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